UNIVERSITY OF OKLAHOMA

RESEARCH INGTITUTE

PROJECT 87

B
D
o
=i
2 i
O<
oD
=T <<

TECHNICAL REPORT

to

OFFICE OF NAVAL RESEARCH

Project Nurcber NR 061 078
Contract Number N onr 982(02)



[ T

EXPERTMENTAL STUDIES OF TRANSPORT PHENOMENA IN HIGHLY
IONIZED GASES
BY
BERYL EDVARD CLOTFELTER

TECHNICAL REPORT
TO
OFFICE QF NAVAL RESEARCH

Contract Number Nonr 982(02)

‘ “This repdz-t:"séﬁ{é}iz;a.'s. thesis submitted to the Gradwate
Faculty of ihe University of Oklahoma in partial fulfillment of the

requiriaments for the degree of Doctcr of Philosophy,

e e b s o i e s 7




. \Q

EXPERIMENTAL STUDIES OF TRANSFORT PHENOMENA IN HIGHLY IONIZED GASES
CHAPTER I
INTRCDUCTION

In 18%9 E. H. Halll domonstrated that if an electric current
exists in a condvctor which is in a magnetic field, a potential'dif-
ference is devaloped across the conductor in a direction ..ormal to
Soth the primary current and the magnetic field. The phenomenon,
known as the Hsll effect, was discovered and first studied in metallic
conducto;a, and in such conductors, it is still of great interest,
chiefly because the explanation of the cbserved ghenomena depends upon
a quantum theory of the solid state.

In 1886 Boltzmann? investigated the Hall effect in a Geissler
discharge, and in 1901 H. A. Wilson’ made a careful study of the effect
in different parts of the discharge. A further investigation was

carried out in 1907 by Wilson and Hartynh, and the effect in mercury
s, IR sra, v, w, 15 S T L R Saic
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1E. H. Hall, Am. JO\}r. of Mata. 2, 287 (1879).

1. Boltzmann, Anz. Acad. Wiss. Wien 2L, 217 (1886).
3Ho A. yilson, HOCQ Phil. SOCQ C&mb. }_l-_’ 2h9 (1901)0 g
LH, A. Wilson and G. H. Martyn, Proc. Roy. Soc. Lond. A 79,

L17 (1907). Coy
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vapor was studied by Schcnkell. An elemerntary theory2 sufficed, hcw-
ever, to explain the observed facts in gases and the effect seemed to
give little information of interest., As a consequence, the Hall effect
an gases has been almost untouched since the early years of the century.

Onez of the purposes of this study is the reconsideration of the
Hall effect as a possible tool in the study of ges discharges, with
particular attention given to the information which may be gained from
it because of the advances in instrumentation since the time of Boltz-
mann and Wilson, by the use, for example, of electronic amplifiers and
oscilloscupes in ﬁlace of the quadrant electrometer veel by Wilson,

A distinction might be made between the effect as studied by
Hall and as studied by Boltzmann and Wilson. In the first case, cur-
rent in the metallic conductor consists of electrons drifting through
a 1at£ico made up of positive icns; in the second case, a counter-
current drift of both positive and negative ions constitutes the
current. These might be designated the Hall effect of the rirst and
second kinds, Their common feature is that an eleciric field produces
currert through a region in which a magnetic field is applied. The
effect used in the present study is not a true Hall effect, for the
ions are not moving through the magnetic field Gscause of an electric

. . field; }a fact,..there .is no electric.field in the.region wherq .the . .

' N ‘\m.gnetié £ield is applieds The motioh of the ions is produced by

L) .

actual mass flow of the gas, and consequently a modified or pseudo- -

]

Hell effect is baing used,

A\l

1y, Schenkel, Ecluir., Electr. 48 , 321 (1906).

21, J. Thomson, Conduction of Electricity Through Gases (2nd
ed,; Combridge Univ, Press, 1908) p. 434, 562.
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Another purpose of ¢he study is to obteqin indications of ion
concentrations in a pulsed discharge by meens of the pseudo-Hall effect
for comparison with determinations made by Stark broadening measure-
ment on the lines 5{ the Balmer series. For this reason, all the work
has bnen done with pulsed discharges in which gas streams rapidly
through the region in which the magnetic field is applied and in which
the current present in the probe circuit depends upo:x the conductivity
of the ionized gas.

Two approaches are possible to the problem of computing the
corductivity of a gas. One method is to define a mobility by the equa-

tion
Vv o bE

in which v is the drift velocity of the ion or electrcn, b is th&
mobility, and E is he electric field strength. A complot; discussion
of the theoratical results of this method before 1939 and of th; cxpori-
mental determinations of b for many ions and for electrors is given by
Loeb.l The most complete theoretical expressions developed are those

of Langevin? and of Hasse and Cook.> In 1939 A. V. Hershey® generalized
the theories of Langevin and of Hassd and Cook for the mobility of ions
in weak fielcds to permit considaration of fields of any strength. e

* 1L, B, Loeb, Fundamenta)l Processes of Electrical Discharge
in Gases, (John Wiley and Sens, Inc., 1939) Chap. 1 and L. .

_ 2p, Langevin, Ann, chiz. phys. 8 238 (1905).
2jlasse and Cook, Phil. Mag. 12, 554 (1931).

4p, V. Hershey, Phys. Rev. 56, 916 (1939).

"
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assumed that the random energy cf the ions has 1 Maxwellian distri-

bution and evaluated both the drift and random energies by momentum and
energy balances.

Some experimental measurements of mohilities have been made
since 1939. In 1940, R, J. Munson and A. M. Tyndalll reported values
for the mobilitz_of poeitivg ions in their own gases using neon, argen

krypton, and xenon. Also in 1940, W. H. Bennett?

published values for
the mobilities of free electrons and of H' ions in hydrogen at atmos-
pheric pressure in discharges from sharp points and fine wires. W. H.
Bennett and L. N, Thonns3 gave mobility coefficients for free electrona
and positive ions in hydrogen, deuterium, and some mixtures for a range
of field strengths in 1942, The formula of Langevin and those derived
from it involve the dieleciric constant of the gas. New determinations
of the dielectric constants of helium, argon, neon, hydrogen,.oxygcn,
nitrogen, carbon dioxide, and air were made by L. G, Hector and D, L.
Woernley® in 1946,

The second approach which may be made to tnhe problem of com-
puting the conductivity of a gas is setting up and solving Boltzmann's
equation for an ionized gas. This has been done with two approximations.

Chapman and Cowling5 used a free path method to calculate the conductivity

1R, J. Munson and A. M, Tyndall, Proc. Roy. Soc. Lond. 177,
187 (1940).

24. H. Bennett, Phys. Rev. 58, 992 (1940).
3W. H, Bennett and L., H, Thomas, Phys. Rev. 62, 41 (1942).
Ly, G, Hactor and L. L, Woernley, Phys. Rev. 69, 191 (1946).

%3, Chapman and T. G. Cowling, The Mathematical Theory of
Non-Uniform Gases (Cambridge University Prees, 1939) pp. 177-173.
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for total ionisation, but the method ie sudject to criticism because
it does not properly weight long-range interactions, Essentially this
same method--free path--without consideration of jon-electron interactions,
was uvsed by L, G, H, erloyl in 1951 to derive a general formula for the
conductivity of a gas ~ontaining free electrona. R. Lwdahoffz extended
the treatment of Chapman and Cowling in 1941 io include a magnetic
field, considering only a completely ionised gas. A similar treat-
ment was given in 1945 by T. G. Cowlins3 with applicstion to the solar
atmosphers. A slightly different method of attack was used by J. H.
Cahr® in 1949 to treat the electrostatic interaction in discharges of
high currant density and lcw field strength, but he based his work on
a paper by landaw’ which was la‘e: shown to be in omr.6

Using a method due Lo Chandrasekhar’to compute the change in
the velocity distribution for the ions and electrons produced by many
small interactions, Cohen, Spitser, and Routlcy8 obtained a uore
accurate soiution of Boltsmmann's equation for an ionised gas than is

11. G. H. Wuxley, Proc. Phys, Soc. 64=B, 84 (1951).
2R. Landshoff, Phys. Rev. 76, 94 (1949).

31. G. Cowling, Proc. Roy. Soc. Lond. 183, 453 (1945).
. H, Cahn, Phys. Rev. 75, 255 (1947)

“E. Landav, Physilk, Zeits, Sowistunion 10, 154 (1936).
6%, P. Allis, Prys. Rev. 76, 146 (1949).

7S. Chandrasekhar, Actrophys, J. 97, 255, 263 (1943).

8, C. Cohen, L. Spitzer, and F. M. Routly, Phys. Reve 80,
230 (1950).
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posaible with the method of Chapman and Cowling, which considers the
close encounters of more importanca in changing the disiribution
function than the long-ranges iateractions, The.same method war extended
with some simplifications by Spitserl in 1952, Spitser and Hirn? have
recently improved the calculaticn made by Cohen, Spitser, and Routly by
the inclusion of an intsraction term previously neglected. The result-
ing expression for the conductivity differs only by a small constant
from the one originally derived,

As will be explained later, it is delieved that double-layer
focrmation and sixilar considerations related to probe theory are unim-
portant in the work to be discusaed; however, a brief discussion of the
present state of knowledge in regard to prove thscry will be included
for the saké of complstsmess. ’

The use of probes as tools for the stydy of gas discharges was
initiated by Langmuir, and an sdequate discussion of the theory and tech-
niques of the Langmuir probe is given by Loed’ alcng with a full bib-
liography. It was demonstrated by Van Bor!cel“ in 1938 that errors may
be introduced into measurements made with the Langmuir prole by apparent
changes in the work function of the probe metal caused, perhaps, by
adsorption of gas onto the surface., In 1947 T, A, Anderson’ » using
alternating potentials applied to them;grobe, found that the effect

. 5
290w = ; .

"ty Spitzer, Astripigd. Js 114, 299 (1952).
21, Spitser ani R. Hirm, Phys, Rev. 89, 979 (1953).
3loeb, Op, cits, chap. v, Part B,
Ayan Berkel, Physica 5, 230 (1938).

5. A. Andorson, Phil. Mag. 28, 179 (1947).
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described by Van Berkel depends upon the gas and upon the frequency
of the applied potential.

Experiments with prcbes in a non-steady discharge were des-~
oribed by Barnes and Erost in 1950; they used a constant-current probe
system and found it more convenient than constant-potential circuits.
Data were obtained in a discharge subjected to square-wave changes in
current.

A probe system essentially different from that used by either
Langmuir or Barnes and Eros was suggested in 1950 by E. O. Johnson and
L. Malter.?
probe and one of the discharge slectrodes as Langmuir did, they used

Instead of applying a potential difference between the

two probes and recorded the current to the probes as a function of the
potential difference between the two, The advantage of the double
probe system s that the probes follow the potentisl of the plasma
when it is changing, as during decay. Because some of the computations
in the anaiysis of data taken by this method are long and tedious,
Malter and Webster> have published nomographs and other aids to calouls-
tion,.

Another paper, by Boyd,% which has appeared recently and is
applicable to ordinary probe work discusses the effect of negative

' préboa‘ on'the positive fof current in gdses at low ‘pressurs. It shows - .

1p, T. Barnes'and S, Eros, J, Appl. Phys. 21, 1275 (1950).
2, o, Johx:son 4 L. Madter! éxy-. Rev. 80, 58 (1950).
3L, n-/upr ‘and W, M, wobctor, RCA Rev. 12, 191 (1951).
UR. L. F. Boyd, Proc. Roy. Spc. Lond, _Ji 329 (1950).

¢ ¢
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that at low pressures, the field of a negative probe may penetrate the
plasau sufficiently to give the same positive ion current as if the jon
temperature were near that of the electrons.

In an ionised gas, atoms rediate in the electric fisld produced
by ions; consequently thsir epectral lines may show Stark splitting.
Since the fields at the radiating atoms are randomly distributed, how-
ever, the effect is to broaden the lines rather than to split them into
discrete components, Dobycl made a dimensional analysis of the field
produced by the surrounding ions in 1919, and Holtemark? developed a
theory relating ths half-width of the lincs to the ion concentration;
his theory ha= been widely used and verifisd 4{c some extent for dis-
charges =i low temperature. I{ has been extended by VomijB and by
van Cien.4 There is reason, however, to believe that at high tempera-
tures the theory may fail, Holtsmark assumed a static distribution of
ions about the radiating atom and computed the probability that the
effective field at the atom has a value F, Al high temperatures the
static distribution is a poor approximation, and the effect of motion
of the ions must be considered. L. Spitszer, Jr.5 treated this problem
in 1939 from the viewpoint of collisions, as in pressure broadening
theory, and concluded that so long as the iones do not approach to within

1p, Debye, Phys. Zeits. @,' 110 (1'919).

2Holtemark, Phys. Zeits. 20, 162 (1919); 25, 73 (1924).
3Verweij, Pub. Ast, Inst. Univ. mtorciu 5, (1936).

LE, van Dien, Astrophys. J. 109, 452 (1949%).

L. Spitzer, Jr., Phys. Rev. 55, 699 (1939); 56, 39 (1939).
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ten times the averags atomic radius, the matrix elements calculated for
the usual Stark effect may be used, but that the effective field produced
by moving ions may differ greatly from that of a etatic distribution.
The center of the spectral line is affected more than the wings by the
velocity correction obtaired from this calculation. M, K. Krogdahll
considered this same pr~hblem from 2 slightly different viewpoint and
found that although the Holtemark distribution describes the higher mem-~
bers of the Balmer series Guite well, corrections must be applied in
order to discuss the broadening of Hy , g, Lymang , etc. Her approach
vas to 'recompute the Holtsmark distribution Mctioné-f%. with the r's
time dependent. .The effect ¢ the tims dependence is to increase the
probability of smmall fields and to make the most probable perturbing field
smaller than in the static configuration. Again the wings of the lines
are almost unaffected, whereas the center is chang~i appreciably.

~tac Olsen and Huxford< obtained time-resolved spectra as part of a
very thorough study of confincd palsed discharges in 1952 and interpreted
the observed broadening of -Balmer lines by the Hoitsmark-Verwelj theory,
ignoring the possible effects cf high temperature, They determined.ion
concentrations by fitting the observed wings of H, ind H 8 to theo-
retical curves, . Ths indications were that the ion concentration reaches
a maximen at & time when the current has failon almost to zero.
' ‘Two racent papers on results with ring dischargea have some
application to the work +o be described: C. G. Smith> used a toroid

1y, K. Krogdahl, Astrophys. J. 110, 355 (1949),
2H, N, Olsen and W, 3, Huxford, Phys. Rev. 87, 922 (1952).

3c. G. Smith, Phys. Rev. 59, 997 (1941).
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around a transforner core in which an emf. of about five volts was
induced to produce a discharge in mercury vapor at very low pressure.
Probe measurements gave an electron temperature of the order of
300,000°K, At peak ionisaiicn, appreximately thirteen per cent of the
atoms present were ionized. Cousins and Warel studied the self-magnetic
field of & high current dischargé by means of the oscillations which
the field pr;ducod in a iﬁroidal ring dioch;rgo. Currents greater than
10,000 amperss were used.’

Since 1948 pulsed gas discharges have been studied at the
University 'of Oklahoma. Thé general method of producing them is to
sonnsct a cspacitor (previously chargod.to a high potential) across a:
tube containing gas at low pressure., The capacitor is slways at a
potential greater than the breakduwn potential of the gas, and immedi-
ately after the donnectior is made, "a discharge with currents of the
order of 5,000 amperes occurs, lasting approximately ten microseconds.
The discharge heats the ‘gas through which it passes sufficiently to
ereate atrong’;hobk wvaves and a rapid expansion of the hot gas. out of
the discharge volume along any path provided. T;o expansion was
studied by means of rotatiig mirrors by Goldstein? in 1948, by Lee3 in

4

1s. W, Cousins and A. A, Ware, Proc. Phys. Soc. 64-B, 155 (1951).

- 23, 8, Goldotein; "Anomalous Radiation Processes in Gases
Other Than Hydrogen" (Unpublished M.S. Thesis, Dept. of Pnysics,
University of Oklahoma, 1948).

3R, J. Lee, 'Investigation of Afterglow in Hydrogen Discharges™
(Unpgblishod M. S. Thesis, Dept of Physics, University of Oklahoma,
1949).
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16,9, and by Clotfelter! in 1949. The early work was repcrted in two
papors.z

In 1950 Atkinson3 investigated the apparent ion concentrations
given by application of the Holtsmark theory to the Stark brvadening of
+%s Balmer lines. This work was continued by Marks® and by Rose,5
Thess measurements and calculations indicated that the ion ‘concentration
reaches a maximum at a point in the discharge tube several centimeters
outside the dischargs region at a time after the main discharge current
has fallen to a very low value or to zero,

In connection with studies of line broadening, measuremsnts
of the intsnsities of O III, H and Si I lines were used with the Milne-
Fowler colqr-temperature theory to estimave temperatures in the discharge;
in Hy at 3 mm Hg pressure and 4500 volts potential, the values.arrivod at
are 26,000° K, at the head of the expansion regioh, 10,000° K, six centi-

meters down the tube, and 7,000° K. fifteen centimeters from the head.

1B. E. Clotfelter, "Ancmalous Radiation Procasses in Pulsed
Gas Discharges" (Unpublished M.S, Thesis, Dept. of Physics, University
of Oklshoma, 1949).

%R, J. Lee and R. G. Fowler, Phys. Rev. 81, 457 (1951).
R. G. Fowler, J. S. Goldstein, and B. E, Clotfelter, Phys.
Rev. 82, 879 (1951).

3w. R. Atkinson, '"Half Intensity Breadths or the Balmer Lines
in Pulsed Gas Discharges" (Unpmblished M. S. Thesis, Dept of Physics,
University of Oklahoma, 1950). .

4L, W, Marks III, "Ion Concentration Versus Intensity in
Pulaed Gas Discharges" (Unpublished M. S. Thesis. Dept of Physics,
University of Oklahome, 1951).

H. C. Rose, "Ion Concentration and Recombination in Electri-
cally Excited Shock Tubes" (Unpublished M., S, Thesis, Dept of Physics,
University of Oklahoma, 1952).
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STATEMENT OF THE PROBLEM

The preseni research has three purposes: (1) To investigate
these ion concentrations by another method to determine whether the
result obtained from line broadening methrds s correct or whether the
need exists for a modification of Holt=mark?!s equation under these
conditions; (2) To measure particle wslocities in the shock wave and
the followinz contact surface; (3) To reconsider the Hall effect or
pseudo-Hall effect as a possible research tool in the study of gas

discharges,




CHAPTER II
THEGRY

Consider a block of ionized gas of finite but considerable
length moving down a glass tube between ciametrically opposed probes,
Because of the grsater velocities of the electrons, they will diffuse
to the walls faster than the positive ions so that the walls and
probes (assumed ungrounded) will take a negative potential with refer-
ence to the plasma, The outflow of electrons will be checksd by the
field produced by the surplus of positive charge throughout the plasma,
If the difference of potential between the probes is measured, it will
be.found to be zero, because each will have taken ths same potential
with respect to the plasma. If, now, a magnitic field is applied
across the moving column of ionized gas in a direction perpendicular to
the line joining the probes, the probes will show a potential differance
because of the deflection of positive ions to one probe and the de-
flection of electrons to the other,

. We msy consider two cases, First, ;uppoa« that the prcbes are
connected to ground by resistors whose impedance i3 so much greater than
that of the plasma that it may be considered infinite. As the gas passes
with velocity u through the field of strength B, individual charged

particles experience a force of magnitude ueB normal to the direction

13




res

1,

of the rfield and to the direction of flow. This force will cause
particles to flow to the walls and probes unéil the excess of posi-
tive charge in the plasma is sufficient tc produce electrostatic
fields which retard further charge migration. This process is the
sams as the charging of a capacitor through a2 resistor from a source
of constant emf. Since the capacitance from either probe to ground
is 17 pf and the maximum resistance of the plasme measured is of the
order of 300 ohms, the time constant of the charging process is of the
order of 10~9seconds, At equilibrium, the force on a charged particle
must be zero, haonce

e(uBx1C-8 -E) & 0,
where E is the retarding electric intensity. Since this must de true
at every point in the gas, E must be constant across the tube if u and
B are the same everywhere. The potential difference developed between

the probes will be Ed if d is the separation between probdbes, or

u-%axloe

if V is the observed potential diffarence in volts betwecen probdes.
Actually u is not constant across the tube because of viscous effects

in the gas, and so precisely

8 d
» V =10"x ) u(x)B dx.
0

Tpis relation pe;mits‘ono to compute the velocity with which the gas
mo%ee through the probe space if B, d, and V are knowﬁ.

The second case is that in which a resistor of the same order
of magnitude as the resistance of the plasma is used as a shunt to

ground each probe circuit, Theory is not available to carry ot the

3
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analysis of this aituation 8o exactly as in the case of the infinite
shunt. The quantity which is measured and discussad in this case is
the resistance of the plasma, and in order (o show that the resictance
can be related to temperature and to ion concentration; two limiting
cases will be considered.

If the ion ccncentration is mmall, ordinary mobility calcula-
tions may be applisd. Let b be ths mobility of the positive ions ex-
preased in cm/eec/volt/cm so that the velocity of motion of the ion
through the neutral gas is b cm/sec when the electric field strength
is one volt/em., The force ueB is exactly equivalent to a force eE, and
one can use uB as if it were an electric intensity. If n is the ion
particle density, the current drawn from the plasma per unit area wiil
be arLuli provided that the external resistance of the circuit is small
or 6f the same order of magnitude as= the internal resistance. The in-
ternal resistance can be expressed by changing from current density to
total current as

I = enbuB? = enbVA/d

when A is the area of the probes and V is the total potential difference
applied across the plasma, From this the resistance is

R = V/I = d/(enbA).
If the ion concentration ie Guite high, the analysis given above is
inapplicable, because b as reportéd in the literature from theoretical
computations or from measurements is determined f&r conditions in
which all collisions made by ions drifting under the influence of the
field are made with neutral atcoms so that the momentum and energy trans-

ferred from the ions during such encounters is lost to the ion cloud,

—— e s

£ oo ] AR
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If an appreciable pari of the atoms in the gas are ionized, such will
not be the case, and interactions between the ions will modify and
finally, for high ionigations, override the ion-neutral atom inter-
actions.

In the discussion above of mobility motion, the fact that
ions of two signs are present was neglected and the mobility of posi-
tive ione oﬁiy was conai&erod. That this is essentially correct can
be seen from the following argument: When the field is first placed
acrogs the gas, electrons will be urged out of the gas in the pre-
ferred direction, and they will leave the gas much faster than the
positive ions because of tho greater electron mobilit,. An equili-
brium condition will be reached quickly, however, such that at every
point in the gas electrostatic forces will “imit the cutflow of elec-
trons so that positive lons and electrons will leave at the same rate.
When this situation exists, the limiting factor in the current will be
the positive ion mobility. This will actually cause the current to be
twice the vaiue derived above and will cause the reaistance to be one-
haif as much, or

R = d/(2enbA).

When the level of ioniszation becomes so high that the inter-
actions between gpargod‘pu;tiqlea become more important than those
between the ions and neutral atoms, one may try as a first approxima-
+ion the uss of an electron-positive ion cross section with an elastic,
solid sphere mobility equation. To this degree of'appioxination, the
electron-electron and positive ion-positive ion collisions may te neg-
lected, for neither makes any change in the momentum of the charged

particles; only electron-positive ion colliaions are effective in
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impeding the flow of charge. Goudsmit and Saundersonl have shown
that in the case of Rutheriord scattering with a sharp cut-off of
the Couloxt field at the radius a, for multiple scattering the effective
radius of total scattering cross section iv a., Fer nydrogen, a = 859
the Bohr radius, It will be shown later that the use of this value in
the elactic solid sphere theory does not give satisfactory results,

The most exact treatment of the case with the gas totally
ioniged is that giver by Cohen, Spitzer, and Routly.2 They derive
as an expression for the conductivity

L 4890 (2/3)> g3

e?ln (qC2)

2 _ )2
s W

and 7 is conductiviey, m is the mass of the electron, 2 is the mean-

where

squared velocity, and n is the number density of electrons or prctons.
For hign densities and low kinetic temperature, this formula fails,
and the.authorb suggest use of an expression taken (rom Chapman and
Cowling.3 In the notation of Cohen, Spitzer, and Routly, this is

- = 1156 (2/3r)/? uc3
o2 1n (qic?)

R

15, Goudsmit and J. L. Saunderson, Phys. Rev. 57, 2 (1940).
2Cohen, Spitzer, Jr., and Routly, op. cit,

whersa

3Chapnan and Cowling, op, cit,, Section 10.33.

- — o
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This last equation is the ore which will be used in the analysis oi

results,

P )

- e
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CHAPTER III

DESCRIPTION OF APPARATUS

Yacuun System

The vacuum system used in this work was of standard construc-

tion; it included a lelch Duo-Seal fore pump, a two-stage mercury dif-
fusion pump, two cold traps(which were surrounded by liquid nitrogen
during operation), a McLeod gauge, and a tilted manometer accurate to

leas than one-fourth of a millimeter of mercury.

Tube

The tube is shown in figure 1. The upper electrode was a
80lid nickel cylinder, and the lower electrode was a nickel ring. All
the glass tubing in the actual discharge path was precision bore tubing,
«6000 -~ ,0005 inches internal diameter. The nickel ring lowsr electrode
was machined with shoulders inside onto which the tubing fitted so tlint
the inside wall of the ring and the inside of the tubing made a smooth
surface. Current was led to the lower electrode Ly a brass tube external
to the primary discharge region and concentric with it; the brass and
the ionized gas inside the inner glass tube formed a coaxial conductor.
The probe section, comprising the shields and probes, was of copper.
Two shields were machined like the electrode with shoulders to hold the

tubing, and the section of tubing between the slectrode and the probe

19
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section waa removable so that different lengihs could bs used in order
to vary the distance down the expaniing discharge st which the probes
were placed, The shields were two centimets»s long. shoulder to
shoulder, with a hole three millimeters in diumeter in the center of
each., The probes, two millimeters in diameter, wers inserted through
the hole in the shields a0 that their inner surfaces were flush with
the inner shield surfaces, being carefully placed so that they did not
touch the shields. At either side, the shields, which were half cylin-
defs, were separated by a spaze of one millimeter. Each shield and
each proba was held in place and connected to the external circuit by
a tungsien lead (.080 inches in diameter) sealed through the glass.
Each shield was connected to ground by a resistor of the same size as
the one in the probe circuit; ﬁence, the shields acted as guard rings,
It was necessary to use four wax joints: between the inner discharge
tube and the brass tube, between the braas and the outer vacuum jacket,
and at each end of the spacer in the vacuur jacket. Hard deKho*insky
wax was used for all wax joints,

Spacers of length 16.1, 13.1, 9.0, and 5.4 cm., were used in the
discharge region, making the distances from the probes tc the lower dis-
charge electrode 17.1, 14.1, 10.C, and 6.4 cm,

The copper pieces were cleaned electrolytically in a mixture
of perchloric acid and acetic annhydride before they were placed in
the tube, and later they were cleaned by sputtering in en atmosphere of
hydrogen.

Hydrogen was admitted to the vacuum system through a palladium
leak, Helium and argon flasks were sealed to the gystem and gas was

admitted through 2 dosing Jtopcock.

ATMECIEE b ek,
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Charge and Discharge Circuit

The capacitor bank used was composad of twelve Westinshouse
Inerteen one microfarad capacitomsconnected in parallel. It was
charged from a transformer with maximum output of 6500 volts, whose
actual output was controlled by a Varitran in the primary circuit.
Between the.transformer and the capaciter bank were twe 2X2 vacuum
tubes, one on either side. In addition to rectifying the current
to the capacitors, these served to isolate the bank from the trans-
former during firing., The switches for charging and firing were
Interccnnected in such a way that wiring was impossible until thse
primary of the transformer and the filaments of the 2X2!'s weres dis-
connectied,

During the charging of the capacitors, the bank was discon-
nected from the tube elecirodes by means of two relays., The firing
operation consisted of two steps: first the transformer primary and
rectifier filaments were disconnected and simultaneously = relay was
closed connecting one electrode to one side of the cepacitor bank;
second, a second relay was closed completing t@o circuit and firing
the tube, The first relay was closed in air, but the second was
placed in an atmosphere of hydrogen in order to reduce arcing, burn-
ing of the electrodes, and consequent erratic firing behaviour. Both
firing relays were high-current relays with silver contacts., The cir-
cuit was critically damped by a resistance of approximately O.4 ohms,.

A mechanically driven switch repeated the charging and d¢ischarging
cycle thres timsc per minute., Ths complete discharge circuit had 1.5 x
10'6 henries inductance and, before damp'ng, apr :im-iely .1 ohm resis-

tance.




mmr

23
amplifier
Because it was necessary that hoth probes be ungrounded in
order to avoid unbalanced currents producad by elactrostatic effects,
& double-snded input difference amplifier was constructad. The circuit

diegram is given in figure 2 and the performance is indicated by table 1,

TABLE 1
DIFFERENCE AMPLIFIER PERFORMANCE

Frequency Difference Gain Sum Gain
10 ke, 250 «003
50 ke, 255 002

100 kec. 250 «002
200 ke, 235 «002
300 ke, 0215 <002
400 ke, «190 «001
500 kc. 0170 «001
750 ke, «130 . 0.000
1l me. 0105 0,000
2 mc, 060 «001
3 me, <47 «002
4 mc. «040 «002
5 me, 0036 +002

The difference gain, the factor which gives the output when multiplied
by the difference between input signals whose sum is zero, was measured
by putting a signal from a General Radio Beat Frequency Signal Generator
between either input and ground. The gain so measured is the same as
that obtained by putting the same signal onto each input with the two
out of phase by 180°, Ths sum gain, the factor which gives the output
signal when multiplied by the sum of input signals whose difference is
zero and which ideally is zero, was measured by putiing a signal between

ground and both inputs connected together, Both gains were checked with

e e - el gt i s R
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irput signals up to five volts, and the respcnse was linear to that
point; the data listed in the table were obtained with an input signal
of two volts, A trimmer capacitor was usad to make the input capaci-
tances exactly the same on each input when the amplifier was connected
to the probe system, and anothor trimmer was used to give the bes*
possible balance of the tﬁo sides of the amplifier at ~ne megacycle.
The difference gain is seen to be sssentially constant at .25 from
ten kilocycies to two hundred kilocycles, and this range easily ccvers
the fundamental and the second harmonic frequency of the signals
studied; consequently, a gein cf .25 was used in all calculations. In
order that shunts might be put into the circuit easily without forming
large loops to serve as antennae, nuts were soldered to the input leads
within the amplifier case and matching screws were solderad to the
shunting resistors. The resistors were inserted through openingr in
the case and one end was screwed fast, after which the other end was

soldered to the case externally.

Magnetic Field Coils
The magnetic field was produced by coils conatructed as shown

in figure 3. The construction of the tube prohibited placing coils of
the largest size used near enough to the tube wall to give large fields
at the center with reasonahle currents, and so the smaller coils were

added a.though their fis=ld probatly w.srf nnt so homogeneous as would be
prcduced oy coils of larger diameter. Currents of 13, ¢, and 5 amperes
were used giving fields of 310, 220, and 120 gauss respectively. The

surrants were measured with a Weston D, C., ammeter, A reversing switch

was placed 'n the circuit to facilitate ths reversal of the field
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direction., The field was calculateq to bs given by B = 24,3 I whern I

is measured in amperes, It was also measured with a search coil and a
ballistic galvanometer, Measurements gave a value B8 = 2J,8 I and showed
the field tc be uniform to within 10¥ throughout a volume of 36 cc,

much more than the volume occupied by the probe section, Siuce measure-
ments of coil dimensions were made to only two significant figures,

fields were computed from B = 24 I,

Oscilloscope
The output of the difference amplifier was displayed on a

model 514D Tekronix Oscilloscope, The oscilloscope was triggered by
the potential drop across a copper wire about five inches long in the
discharge circuit., Sweep spseds of 3.0 to 20 microseconds/centimeter

were used, and sensitivity varied from .04 to .8 volts/centimeter.

Rotating Mirror

In order to correlate present work w.th past work and with
work being done now using rotating mirror pictures, a set of six pictures
was made, one for each pressure and firing pctential combination by
the use of 2 feur-sidsd rveating mirror and lens system as described

by Comptonel

Shielding
Bscause the primary current of the discharge is so large

(approxicately fivs thousand amperes at peak) and because the capacitor

1y, D, Compton, "Investigation of Refiected Lumincsity in
Pulse Gas Discharges" (Unpublisheu M.S. Thesis, Dept. of Physics, Uni-
versity of Oklahoms 1951??

-
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bank oscillates with a natural frequency of epproximately thirty mega-
cycles, presumably because of the inductance of ths capacitor foils, it
was neceosocary to shield ali the equipment very carelfully to prevent
extranecus signals from tripping the oscilloséope erratically and com-
pietely masking the signals desired., Since the successful elimination
of such interference would be a major problem in repeating the work, a
discussion is given here of the msthods found useful.

The difference amplifier eliminated signals arising from the
discharge of stray capacitances through unequal paths to ground when one
probe was grounded and the other was connected directly to the input of
the oscilloscope. The difficulty and solution were pointed out by
Barnes and Eros,1 and early work here indicated thst the effect could
cause spurious signals, To avoid any trace of sixty cy:lz siznal
through the amplifier, the filaments were battery-heated, and the bettery
was placed in a cliosed metal box to avcid pick-up of stray radiation.
Leads to the amplifier were a shielded coaxial conductor, An RC-filtered
power supply was used for the amplifier, and again the connector was
coaxial.

The main power supply and capacitor bank were placed above an
aluminum roof which extended several fest in all dirsctions and was
about eighteen inches above the tube at its longest. Leads down to
the switches and the tube were coaxial, and a pi-section RC filter
composed of two .2 ohm non-inductive resistances (the damping resis-

tance) and two .l microfarad capacitors just above the roof blocked

lparnos and Eros, op, ciit,
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most of the high frequency oscillation of the capacitor bank. The
side of the circuit going to the brass tube and ring electrode was
grounded at the tube,

It was found necessary £o shield the tube itself, and conse-~
quently it was wrapped with copper screen wire, which was grounded.

The closing of switches operating relays caused so much
spurious signal that it was necessary to shield all switch wires and
to place the switch contacts !n a grounded, metal box,

To prevent the oxcilloscope's being triggered early and er-
ratically by signals from the discharge riding on the power line, it
was fed from an cutlet away frem the rest of the equipment. The
trigger lead to the oscilloscops was coaxial and a filter comprising a

7 ohm resistor and & .00l microfarad capacitor was piaced on that li.e
to block the high frequency signal which i.ﬁaod the filter above thé
roof.

The leads to th: magnetic field coils were shielded to a point
near the coils, but.shielding the coils themsélvia proved to be unneces-
8ATY.

When the equipment was firet built, before most of these shield-
ing measures wers instituted, signals of the order of one hundred volts
appeared at ths oscilloscope from tha radiation of the discharge, but
the shielding doacriéad reduced these signals below the threshold cf

detectability.

S




CHAPTER IV
RESULTS

One would expect that with no magnetic field impressed, the
oscilloscope trace would be a straignt line along the axis, and in
some cases this is true, In many cases, howsver, thers is a signal
evan without & magnetic field, The zero-field signals can bes divided
into two classes depending upon the time of appearance, What is refer-
red to as the "photo-electric signal," appears within one microsecond
of the initiation of the primary discharge and disappears before the
atr;aming gas reaches the probe‘aoctioﬁ. The true zoro—fioid signal
canes at the time when the 1onizad gaa‘renchoa the probes and lasts
for ali or part of the time the gas is streaming past, The two effects
will be discussed in chronological order, the photo-electric signal
first,

The form of the photo-electric siznal’observed with infinite
shunt is quite different from that observed with finite shunt. With
infinite shunt, ths sigral is approximately half of a square wave,
having a very sharp initisl rise, a slow decay for o period of three
to five microseconds, and then a rather quick return to the base line,
This signal is always of the same polarity, is of the same form in

hydrogen, helium, and argon, and is field independent. It is illustrated

30
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by figure 4, With finite shunt, the signal is almost invisible in
hydrogen, appearing only as an almost unnoticeable widening cf the trace
near its starting point, as in figure 5, In both helium and argon, tnse
signal with finite shunt is rather lsrge, appearing as a pulse with a
polarity opposite to that with infinite shunt, and showing field sensi-
tivity. Under normal conditions, reversal of the magnetic field does
not reverse the polarity of the pulse, but merelw increases and de-
creases 8lightly the height of the pulse. Figure 7 shows this effect.,
(If the shields are grounded and an infinite shunt is used, no photo-
electric signal is in evidence for sero field, but a field produces a
signal which reverses polarity when the field is reversed.) The signal
with finite shunts rises to its maximum more slowly than in the case
of infinite shunts, ,

This early signal has been ascribed to a photoelectric effect
because it appears at the same time as the primary discharge, and its
bshavior cannot be explained by electromagnetic induction, This inter-
pretsition is supported by the results of an experiment in which the
inside of the internal spacer was silvered, increasing the amount of
light reaching the prob= region. The result was an increase in the
magnitude of the photoelectric signal.

The true zero-field sigral, which appears at the tims the
{loming gas reaches the proves, is usually svall in hydrogen and appears
as a short pulse in most cases and as a camped oscillation occasionally.
It appears to be random in both magnitude and direction. In propor-
ticn to the signal produced by the magnetic fielde under identical
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conditions, it is greater with shuntinz resistors, the magnitude irn-
creasing ss the size of the shunte is decreased.

In both helium and argon, the sero-field signals are larger
than in hydrogen (see figures 6, 7, and §), but in toth these gases
they show much less randomness. In helivm, particularly, the signals
reproduce perfectly, as figure 8 illustrates, The exact explanation of
these sigrals is unknown, but since it has been demonstrated that plac-
ing the upper part of the tube approximately five degrees out of iine
with the lower part sc that the flowing gas is directed somewhat toward
one electrode or placing a amall amount of wax just above one probe to
disturb the gas flow makes the signals larger and changes their cheracter,
it is presumed that the source of rost and perhaps all of the gzero-
field signals in helium and argor is irregularities in the tudbe. The
wax his much more effect than the misaligmment, and it is believed
that unavoidable irregularities in the tube surface near the probes
are responsible for most of the observed signal. Undoubtedly this effect
is also present in hydrogen; however, it probably is not the dominant
feature, for the periodicity which was noticeadble in hydrogen is always
zissing in both helium and argon,

In all the work, five traces were recorded on each film under
identical conditions; if magnetic fields were being used, ten traces
ware recorded, fivse with the fisld in each directione In hydrogen the
traces with magnetic field coincide only during the rise, and from the
peak throughcut the decay they show randam variations., These variations,

presumed to be related to the sero-field signal, show the periodicity
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mentioned above ir. sume caeee, but are eo erratic in general that they
place a limit on the accuracy of measurement pessible,

All measuremente from which velocities and resistancea were
calculated were made between traces produced by reversai of the mag-
netic fisld, Effects produced by tube irregularitiee and poseicis
varjatione in the probes (differing capacitances to the shield, for
example) were thus eliminated,

In both hydrogen and helium, the maximum signal with shunte
in the circuit comes at the same time as the maximum potential observed
without ahﬁnta. In argon, howsver, the current signal maximum lags
behind the potential ma:iimum. Since the potential maximum indicatee
the velocity maximum and the current indicatee the ion concentration or

some function of it, the implication is that the greatest ion concen-

‘tration does not exist in the higheet velocity portion of the gas flow.

In argon at 5.6 mm preeeure two crossings of the tragee ’
to reversed fielde were observed, indicating two reversals in flow
direction of the gas, Theee occur approximately three hundred and
seven hundred fifty microseconde after the initiation of the discharge.
The effect ie shown in figure 9,
. An experiment was performed in hydrogen in which 1,5 volt
batteries were put in the probe circuit, from the shunts to ground.
When the batteriee were in opposition, they had no effect, When they
were additive so that an emf of three volte wae applied across ihe
tube, a potential difference of 2.1 volts wae ncasured, This 1s

interpreted to mean that any sheaths which form over the probes have

a2 8T
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Fig. &4
Ho3 2.8 mm.; LSOO V,
4.5 Asec./cm.; eo shunt
Eba. 17.1 cm,

Fig. 6
A; 5.6 mm, ; 3500 V.
8.0 asec,/cm, jeoshunt
Pos, 60’4 cm,

Fig. 8
He; 2.8 mm,3 4500 V,

3.0 smac./em. ¢ o0 shunt

Pos, 6.“ .,

Fig. §
Hp3 2.8 mm.} 4000 V.
3.0 _asec./cm.; 52.28hut
Pos, 6:1‘ Ao

Fig. 7
A; 506 mm, § “m V.
800/.”0/3‘0’ 99.2shunt
Pos, 6.4 cu,

Fig. 9
A; 5.6 N, § 4000 V,
20 2s8c./cm. 3 o shunt
Pos. 110.1 e
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very little effect on the signal recorded. When magnetic fields were
used in conjunction with the batteries., the deflections produced by the
two agents were superimposed additively; this indicates that the effect
of the magnetic field on this flowing gas of high ion density is equi-
valent to that of an electric field,

If no shunt is used in the probe circuit and the shields are
allowed to float instead of being tied to ground through a large resis-
tor, the potential signal recorded is not affected., If the shields
are grounded directly, the main signal is not affected, but the photo-
electric signal is reduced to zero in the absence of a magnetic field;
the presence of a field causes the photoelectric signal to appear, and
reversal of the field reverses its polarity. If the probes are shunted
by 99 ohms, floating the shields increases the magnitude of the signals
(both photoelectric and normal) very slightly, whereas grounding the
shields reduces the signals slightly and causes the photoelectiric
signal to be in the dirention normal fcr infinite ohﬁnt.

Velocity Measurements
Tables 2 and 3 give the maximm velocities in Hy computed by the

forxmul
SRS wo¥_x108
Bd

The two or three valuas given in each entry are from different rune of
data. The quality designation is based solely on the appearance of the
traces and the accuracy with which measurements could be made., The

symbols have the following meaning: g--good; f--fair; v.p.--very poor;

g--questionable,
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TABLE 2

Maximum Velocities in H2 at 2,8 mm,

Position V (Volts) B (Gauss) Quality u x 10~ ’em./sec.
6014 4,500 310 -9y -4 13.‘0, 13.4
6ol 1,500 215 .1 15.6, 16.4
bols 1,000 310 2,8 12.8, 13.0
6ol 1,000 21« Dop 12.8, 13.4
6ls 3500 319 £,1 946, 10.0
6ol 3500 25 ot 11.2, 11.8
10,0 4500 310 g8 11.6, 11.6
10,0 4,500 215 f,p 801&, 13.2
10.0 1,000 310 £t Tk, 9.0
10,0 4000 25 p 1l.4
10,0 3500 310 £,p 5.6, 7.8
10.0 3500 215 f,p 5.2, Ge2
1.1 4500 310 f£,f 02, 648
Uel 1,500 215 e 8uis, 640
14.1 4,500 120 £,f 8.0, 6.0
4.1 1,00C" 310 £t Tob, Sebs
4.1 4,000 215 pP,{ 8., 646
Usel 4,000 120 s 9.0, 5.
.1 3500 310 £t 6., 5.2
14,1 3500 215 f,t 8.0, 6.4
14,1 3500 120 4 8.4
17.1 4,500 ' 310 g,8,8 5.8, 7.8, 8.0
17.1 4,500 215 f,g,g 6.6, 1002’ 8.2
17.1 4,500 120 £pg 6.6, B.b, 8.0
17.1 4,000 310 2:8,8 506’ 698; 7.0
17.1 4,000 215 f,8,f 6.0, 9.2, 6.2
17.1 1,000 120 £.p 5.8, 8.0
17.1 3500 310 £,8,8 Leb, G.&, 6.
17.1 3500 215 £.6.8 5.2, 6.8, 6,2
17.1 3500 120 TP Te2
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TABLE 2

Maximum Velocities in Hp at 5.6 mm,

e "

Position V (Volts) B (Gauss) Quality u x 10™’cm./sec.
644 4,500 510 g 8.0
6.4 4500 215 f 7.8
YN 4,000 31¢ g,f 7.0, 7.4
601$ 4000 215 g,f 606, 7.8
A 3500 320 q,q Lol, 642
6.4 3500 25 , £,q 5.2, 5.2
10,0 4500 310 g,f 5.4, 5.0
10.0 4,500 21 T,r Lebhy 5.4
10.0 4000 310 g 3.4
10,0 4,000 215 g,! 6ok, 6.2
10.0 3500 310
10.0 3800 25 f,8 5.8, 6.2
1.1 4500 310 2,8 6.2, 7.0
1’&.1 hSOO 215 8,t 600, 606
4.1 4,500 120 g 6.6
4.1 4,000 310 g,f 5.6, 6.6
4.1 4,000 25 4% 4 5¢2, T4
14.1 4000 120 ? 6.0
14.1 3500 310 &,8 Solb; 5.2
4.1 3500 245 f,r 5.0, 7.0
14.1 3500 120 ! Leb
17.1 4500 310 8,8,8 6.2, 6,6, 6.8
17.2 4,500 215 z2,f,8 6.8, 7.2, 7.4
17.1 4500 120 £,0,p  4he8, 5.8, 7.2
17.1 4000 210 -4 6.0
17.1 llbm 215 p’f,g 6.8, 702, l.l‘
17.1 14000 120 [ Lok, 6.0
19:3 3500 218 81898 40, 5.0, 5.0
17.1 3500 215 f£,0,2 4.8, 4.8, 5.0
17.1 3500 120 £,f Le2, Lol
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For purposes of camparison, six rotating mirror pictures were
made, one for each firing potential a:d pressure used. Table 4 gives

ithe velocitiaa of the contact surface psasured from the mirrorgrams and

TABLE 4

Comparison of vVelocity Heasureaenis

Magnetic Mirror
8.2 Xm/sec, 8.1 Km/Sec.
7.1 7.8
6.2 6.8
Tols 6.5
7.8 6.2

fron magnetic signals under identical conditions. These magnetically
determined velocities are the weighted averages of values given in
Table 2 for ths corresponding pressure and potential at the 14.1 cm
positicn. It is apparent that the agreement is satisfactory. Figure
15 gives typical velocity profiles in time,

Resistance Heasuremente
When shunts were in the circuit, charge flowed through a
circuit comprising ths plasma and tv. shunts, If the values of the
shunts are denoted M r, the potential !rup measured across the
plaema vhen no shusits are 1n the circuit is designated by V.., the
resistance of the plasna is given by
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R= (Y= -1)2r.
Vr
To determine Ve and V., the maxjmum separations between traces produced

by field reversal (as those in figures 4 and 5) were msasured, and from
the distances on the film, the known magnification of ths camera, and

the known amplifier gain, the input potentials were computed. Each

value of R used was computed from the measurements of Vo and V.. taken
during the sams run, so that the effect of possible changes in the equip-
ment betwesn runs should have been minimized, Plots of plasmra resistance
as a function of tube positions in He, and Hy, and A are given in figuiss
11-16, In figures 13, 14, and 13, the resistance at 6.4 cm is less

than one ohm., As can be seen from the curves. the apparent plasma re-
sistance is smaller in some cases when a smaller shunt is used.

The standard deviation of the velocity measuremsnts at each fir-
ing potential in hydrogen is less than 10% of the mean at 6.4 cm and
rises to approximately 15% (never more than 20%) at more distant posi-
tions. So few values of resistance were computed at each position that
the calculation of any such measure of precision fiom them has doubtful
significance; however, the average deviations from the mean among the
plotted points vary from 7% to 60% of the mean, and the average of these
percantage values is 2,%, So long as an infinite shunt was used, most
of the tracee reproduced sufficiently well that measurements of trace
sopa;ation produced by field reversal could be made with reasonable
certainty. When shunts were used, howsver, the =ignals were frequently
so poorly reproducible that moasurements were not attempted., This was

particularly true with all magnetic fields except the strongest. No

- ———— -
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values of the resistance is given on the graphs unless the traces on
both pictures wiich were used to calculate it (pictures which yielded
Vee and V.) reproduced sufficiently well that meaanrements could be
made with assurance., All computad values of resistance which were ueed
as a basis for the curves plotted are shown on the grapha., The lack of
reproducibility observed in hydrogen is caused by a randomness in the

discharge itself rather than in the opsration of the instruments,
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CHAPTER V
DISCUSSION

Traca Forms

Since both the photnelactric signal and the zero-field signal
were unexpected, they require some consideration. Neither has been
investigated exhsustively, but sncugh is known of their behavior to
suggest. souwe possible explanations and to eliminate others,

The jaotoelectiric signal cbssrved with shunts in the probe
circuit can be explained as follows: As radiation from the main dis-
charge volume ionizes the gas down the tube, an ion density gradient
will be produced because the number of ions produced in a unit volume
decreases as the distance from the source of the radiation increases.
As a consequence of the density gradient, there will be a diffusisn
current down ihe tube, If one of the probes protrudes into the gas a
short distance more than the other, it will collect more cf the drift-
ing charge than the other, and since the electrons leave the gas more
rapidly than the positive ions, that probe will show a potential
nazative with respect to the other probe, 4 signal produced by tnis
mechanism should be somewhat field-sensitive., and the photoelectric
signal with shunts is., Since argon is less transparent to its radia-
tion than hydrogen is to its radiation, the density gradient will be

greater in argon than in hydrogen, and hence the field-sensitivity

42
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will be uwore pronounced in argon. This is in agreement with observa-
tions.

Three differsnt mschanis=ms have been considersd as possible
explanations of the photoelectric signal with infinite shunt, but none
of the three is satisfactory. They are the following: (1) If ~ne
probe extends farthsr into the gas than the other, radiation from the
discharge may cause sufficient photoemission of elsctrons to make that
probe positive with respest to the other cons. This explanation fails
to explain the effect of the shields on the signal. (2) If one probe
is nearer the shield than the other and hence has a larger capacitiance
to the shislde, it will show the greater tendency to follow the potential
of the shields, and if they become positive because of photoemission of
electrons, that probe which is nearer its shield will become positive
with respect to the other probe, This axplanation conflicts with the
ons given of the signal with shunts, because in the one case the signal
is attributed to the accumulation of negative charge on the precbes (and
hence, on the shields), and in the other case, it is attributed to a
dearth of negative chargs on the shields.  (3) If 2 :ontact potential
exists somewhere in the probe circuits, the signal csn be explained
by the argument that photo-ionization of the gas permits a current to
flow when the discharge begins. This explanation, too, fails to des-
cribe the effect of the shields on the observed signsl,

The =achaniam which best explains the hydrogen zero-field
signal, which is cocineident with the arrival of the shock wave at the
probe section, is a spiraling motion of the streaming gas. (The zero-

field signal in argon and helium has already been diacussed in connection
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with the experimeiiis which indicats that it is related to surface ir-
regularities,) Such a spiraling has been observed photographically
in discharge tubes similar to this cne in previous work at the Univer-
sity of Oklahoma, and the effect is imown in chemical cambustion pro-
cesses, although the mechanisms may not be the same. It ie possible
that it is related to the "pinch" effect do;cribod by Cousins and Ware.l
When potential is being measured, that is when no stunts are being used,
the spiraiing ef7+:t can cause relatively little unbalance between the
probes, affacting them only by changes in wall potsntial produced by
the proximity of the concentration of plasma, When shunts are in the
circuit, however, the tendency to develop differing wall potentials
causes currents, and since the concentration of plasma is much greater
near one probe -than the other, a considerable unbalance in current re-
sults. Some of the signals appear to arise from a periodic disturbance,
and this fact supports the explanation of the gero-field signal in terms
of a spiraling of the plasma, Several records have been studied in
which two complete cycles can be observed; the periods vary from nine
to twelve microseconds and appesar to be constant for constant firing
potenticl and pressure, When the signals show more than one half loop,
they oscillate about a base line which is displaced from the axis,

The axperiments in which the shields were grounded, fioated,
and shunted by reaistora‘of various sizes while ithe condiiion of the
probe circuit was unchanged have great significance, for they indicate
that the signai recorded from the probes is quite insensitive to the

lcousins and Ware, op, cit,
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condition of the shields. Normally, the shields and probes were shunted
by resistors of the same value, but their potentials with respect to
ground may not have been the same oecause the total currents which they
collected from the plasmna may have been different. Ideally, resistors
should de used in the shield circuit which would produce the same poten-
tial drop as that produced by the shunts used in the probe circuit, but
this goal probably is unattainable., The current in the shield circuit
begins beforo that in the probe circuit and continues longer; bscause
of their length, the shields draw current from parts of the column qf
ioniged gas moving at different apoeda and with different ion densities;
hence, choosing resistors of such value as to equalize the poteniial
drops in both shisld and prcbe circuits for all times during the passage
of the ionised gas probably is impossivie. The very ===ll1 effect upon
the signal of the shield bias indicates that the probes draw charge from
cylindrical volunes of plasma extending directly frem their surfaces,
and therefore, that the shields adequately serve the purpose of guard
rings to insure that the probes bshave ae planes., The small effect
also indicstes that the cepacitative coupling between shield and probe
is emali, a fact verified by direct measurement which gave a value of

Loy pnt capacitance between a probe and its shield.

Resistance Measurements
Bafore the measured resistance values can be used with confi--

dence that they are significant, the role of ion sheaths must be con-
sidered, If an elactric field is placed across a stationary plasma,

ion clouds form near the surface of the electrodes and prevent the
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fieldts penetration into the plasma., If such an effect is present in
this work, the resistance measurementsz must be interpreted with caution.

Twr, pieccs of experimental evidence reveal something about the
sheaths which are present, First, the fact that differing plasmas re-
sistances are measured with different shunts implies that sheath formation
is present to some extent, caused by the electrostatic field produced
betweea electrodes by the potential drop across the shunting resisiors.
The diZference botween 'he resistances measured in hydrogen increases »
as the point of observation is moved down the tube, perhaps because the
gas is flowing more slowly so that sheaths can form more easily. The
difference is undetectable in argon, however, although the velocity is
low. The difference may be cam!;:d by the effect of viscosity on the
howndary lavar. The fact that a difference is obaerved supports the
interpretation that sheath formation is present in some degree,q How-
ever, the experiments with batteries in the shunt circuit indica'™that
the degree must be slight., If sheaths can form, they should have a
greater effect when a signal is produced by electric fields than when
it is caused by magnetic fields, The signal recorded when batteries
were in the circuit was 2 Ir if r {s the value of one shunt and I is
the currvnt flowing in the shunt-plasma circuit, Since r was 99 ohms,
I was slightly larger than tsn milliamperes. The improesed.emf was
epproximately three volts, and consequently, the plasma resisiance was
approximately 100 ohms., The value obtained for the plasma resistance
under the same conditionn by means of magnetic fields is approximately
160 ohms. Ths two are of the same order of magnitude, and the difference
is ir the opposite direction tc that expected if sheath formation is

s
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important, for the effect of sheaths is tc increase tiz plumia resis-
tance, An additional fact supporting the conclusion that sheath forma-
tion is slight is the slow return to the axis of the trace produced by
elsctric field compared to that produced by a magnetic field., If the
plasma resistance had become very great at any time during the passage
of the ionized gas, the signal would have decreased rapidly; no such
quick drop is seen, The fact that the elactric field eignal returns to
a2ero more slowly than that produced by magnetic fields suggests also
that the gas is left scmewhat irnized after mass flow has become very
small,

Although formation of sheaths probably is present to some slight
degree, it canmnot be a major factor in the production of the signals
recorded, Since the sheaths arise bdcause of the electrostatic field
produced by the IR drop in the shunts, the best value of resistancs
to use as the plasma resistance is that measured with smallast shunt.
In most of the measurements the dirference detween the values obtained
with various shunts is very small, It is believed that to neglect
this correction is not serious,

In order to relate the resistance as measured to the ion con-
centration, the quaniity whose vulue is desired, three calculations
are possible, The first that will be considered is the mobility
analysis; a reasonable value for the mobility taken from the litera-
ture will be used.

The mobility of the politive hydrogen jon in neutral hydrcgen
§a8 1s of the order of 10 cm/ss3/volt/em, If this value i8 used for

b, the number of positive ione per cubic centimeter is



Since R varies from less than oas ohm to approximately three hundred

and since the particle density of the neutral gas is of the ordsr of
1017/cc, 1t is apparent that the theory of ordinary mobility gives
results of questionable validity at even the highest resistance measured,
that at 18,1 cm from the lower fi-~ing electrode. If the ion concentra-
tion measursd by Rose at 18 cm by meané of Stark broadening is taken as
correct, on the assumption that the temperature has fallen low enough
by the time the expandirg gas has gone 18.1 cm that Holtemark'!s theory
is adequate, 3nd from those measuremeuts and the resistance mes-~sured

at the same point gnder condition= as nearly identical as possible the
mobility is calculated, it is found to be 5,95 cm/sec/volt/cm, a not
unreasonable value in spite of the fact that the ionization indicated
by line broadening is about twenty-eight per cent. ﬁIf this value of

the mobility is used to compute the ionization at positions nearei’ the
discharge, however, the indicated ionization goes over 1007 at the next
poaition. The mcbility of the positive argon ions in nrgoh is approxi--
mately z cm/sec/volt/cm, but even in the case of these heavy molecules,
the use of a classical mobility value together with the measured resis-
tance fails to give a reasonable value for the ion density,

A theory developed by Goudsmit and Saunderson for multiple
scattering of electrons by protons gives a value for the effective
electron-proton cross section, and that ve=lue may he used with an elas-
tic solid sphere mchbility theory. The equation daveloned by Langmuir,l

1Loob, op, cite, p. 55.
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for sxample, is

b= .815 (o/m) (L/Gp) BB

where Cm is the rms velocity of thermal agitation of the electron, L
is the mean free path, and M and m are the masses of the proton and
electron respsctively. From kinetic theory, L = 1/ a2N and Sp = /3K /m,
from which b is proportional to 1/ and R is proportional to ¥T.
Both b and R are independent of N, the particle density. If the assump-
tion were made, however, that the gas in the expanding discharge is so
nearly completely ioniged that 100% ionization is a good approximation
for scme appraciable time as it moves down the tube, the variation of
resistance with temperature indicated by this theory uould.bo in the
wrong direction. Therefore, this theory is unsatisfactory.

Near the discharge region; at tﬁn A.l, om porition, ona might
expect the temperature and degree of ionization tc bs high enéugh to
Justify the use of the theory deveioped by Cohen, Spitzer, and Routly
and extended by Spitzer and Hirm if consideration is coniined to Ho.
Actually, the density is too high and the temperature too iow for this
theory t> be valid, and the formuls derived by Chapman and Cowling
must be used., This formula is discussed by Coﬁen, Spitzer, and Routly,
and recommended by them for use in the narrow range of densities and
temperatures where it is valid and their own is not. When the values
of the constants and tube dimensions are put into the expression, the
final result for the resistance is

5
R (otms) = {4eC+ 7,13 logy T - 2.37 logyn ) %72 »

The best indications of the tempsrature availsbie are those from c¢olor-
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temperature methods mentioned in Chapter I. If the value given there
for the 6.4 cm position, 10,000°K., is used with the resistance measured
at that positior under similar conditions, approximately ore ohm, the
value of n is of the order of 1017. This seems to indicate very nearly
1007 ionization and suggests thst the theory gives a satisfactory re-
iation between resistance, temperature, and ion concentration. Whea
similar calculations are tried at other positions, however, the theory
fails completely., At 10 cm, for example, n comss out approximately
10°79.8 This failure 1s belisved to be caused bty the effect of ionizing
collisions as the temperature decrsasss scmewhat:. Insuificient data are
available to permit an attempt to apply this theory to gases other than
Hae

Figure 17 shows four curves giving information related to
estimaticn of the ion concentration, Curve I is the curve obtainad by
Rose from Stark broadening methods applying the Holtsmark theory without
corrections for temperaturs, Curve II is the curve obtained by .comput-
ing a value for the mobility from Rose's ion cdensity value at the 18.1
cm position with the resistance measured there and then using that
mobility value with measured resistances fo compute the ion concentra-
tion at other points, Curve III is obtained ty assuming that the gas
is 100Z ionized at the 6.4 cm position and that the resistance then
varies inversely as the ion concentration. Curve IV 1s suggested as
a reasonable compromise which msy indicate the approximate shape of the

true curve of ion concentration wversus position,
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Position

I is curve obtained by Rese from line broadening.
IT is curve computed from mobilities and matching I Oﬁ 17.1 em.
IIT is curve computed by assuming concentratior is 1 at 6.4 and
that the concentration varies as 1/R.
IV ie the curve suggested as most probably of the proper form.

Fig. 17—Ion Concentration Versus Position




CHAPTER VI

CONCLUSIONS

Comparison of particle velocities measured by magnetic de-
flection with flow velocities measured from pictures taken with a

rotating mirror shov reassonglls szirssmant. Twe infzrsnces nay be

- drawn from this: (1) the magnetic field method offers an sasy and

convenient way to make measurements of flow velocities in ionized
gases, and (2) boundary layers have Apércximatoly the same effect on
the luminous gas moving down the center of the tuha and on tﬁe bl

of the gas which is responsivie for the poiential diifference cbserved.
No attempt hac been made to use the integral 6! u(r) to determine the
potential difference produced across the tube, and the success of the
computations in which u is assumed cc;nstant throughout the space indi-
cates that this is a good app?oximation. The approximation may be
satisfactory because boundary e¢ffects oithef are nogligiblo'ovor most
of the distance or are quite pronounced over all the distance.

The resistances of the plasma under varying conditions of
pressure and firing potential measured as a function of the distance
from the discharge region are in every case monotonically 1ncfeasing
functions., The naive interpretaution is that the increasing resiétance

215 indicative of decreasing ion concentration, but since measurements
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with Stark broadening have showii an apparent increase cf the ion con-
centration t¢ a maximum and a subss3quent cecay in the region considered,
14 wiii be necessary to considar the possidle effects of temperature
changes in order to eliminate the possibility that temperature changes
cause the resistance to increase even though the icn concentration is
increasing.

In the preceeding chapter it was demonstrated that the formula
for the conductivity given by Chapran and Cowling properly relates
probable ion concentration, temperature, and resistance st the 6.4 cm
position in Hy. If the ion concentration is to increase, the assump-
tion must be made that at that first position it is less than 1007, but
the satisfactory agreement of theory and experiment implies that the
ionization is 80 nearly 1007 that the actual condition may be approxi-
mated by this state, if the ion concentration increases farther down
the tube, this appraximation must becoms even better, and consequently
the use of the formula to estimate the temperature at the next positi,n
should be legitimate, If the order of mugnitude of the ion cuncentra-
tion is assumed to remain the sams, the temperature must fall from
10 ,000°K. at 6.4 cm to less than 1,00C°K. at 10 cm in order to cause
the plasma to have the measured resistance, and then in order that the
ion concentrations may decrease at the indicated rate, the temperature
must remain approximately constant. Such a hehavior of the temperature
seen3 extremely unlikely and is in sharp disagreement with estimates of
it made by Fowler, Atkinson, and Marks from color-temperature theory.
Unless there aia Zfactors eatering into ths determination <f the resis-

tance other than the ion concentration und temperature, therefore, the
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experimental results indicate that the ion concentration is a mono-
tonically decressing runction down the tube,

In the type of discharge andi the region of the discharge studied,
the Hall effect is an excellent tool for the investigation of the plasma
because rapid mass motion of the gas is present, The great advantage
of magnetic fields over electric fields in the study of the plamna is
that magnetic fields penetrate the ionized gas, and the plasma cannot
protect itself from them by means of sheaths.

This ability of the magnetic field to penetrate the plasma
suggests another variation of the present work. A steady discharge in
which mass flow is not present might be investigated by means of a
changing magrnetic field. The changing field would produce an effective
electric field which could act on all ions equally, and again the
possibility of sheathe would be eliminated. .Porhapa the use of this
technique would yield no information which could not be obtained by
micro-wtvn.techniquol, but it deserves consideration,

The author believes that in a steady discharge, in which the
oniy cause of ion motion is the impressad electric field, the Hall
offect has little to recommend it over the proba mathods develicpaed by
Barnes and Eros and by Johnson and Malter., In any discharge in which
there is gas flow, however, or in a case in which ivunizod xas {iows,
as in shock tubss preducing luminous shocka, consideration of the Hall
effact as a possible tool i35 indicated,

Three questions raised by this work deserve consideration in
future work. One concerns tha {‘heory of the conductivity of a partially

jonized gas, which is completely lacking at the presant time. 4i'is
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sscond concerns the origin of tne sero-field asignals. The explanation
given of these probably is essentially correct, but further work to
prove thet surface irrepularities in the tube have an effest and to
investigate the periodic phenomena in hydrogen is desirablse. It i3
possible, also, that greater accuracy could de attaied by this method
through the use of a tuve 8o coristructed that no irrezularit’es were
presont, if such a ¢udbc could be devised. ‘Ihe tnird question is that
of the cause nf the photoslectric signals. The explanations suggested
in this thesis are all unsatisfactory. 1t is “ellevec, however, that
the explanatior of & charge flow down the tube because »f a density
gradient in the ions produced oy photo-ionisation processas is correct.
Once the entire effect is understood, it may offer a means of investi-
gating other prr.perties cf the gas and of the discharge. The gradient
in ion density, for exarple, must dspend upon the cross section for

photo-ionization, and in a suitadbly designed probe systam, the time at

which the radial current bemme cpace-charge limited might be determined,

giving a method of estimating the necessary density of the ion cloud
and tho relative mobilities of the ions involved,

In anticipation, it may be mentioned that in the next chapter
another question, the origin of the continuous radiation in such dis-
charges, wiii be raised, and it may well be the most important of all

the slightly understood processes,




CHAPTER Vil
CRITIQUE

As has bsen pointed out, the most ri-orously derived equation
for th»n conductivity of an ionized gas, that of Cohen, Spitzer, and
Routly, is inapplicable in the interpretation of the results of this
work bacause it fails at density-temperature ratios as high as those
encountsred here. The next best formula, that of Chapman and Cowling,
correctly relates the conductivity, tempsrzture, and ion density at
the cne experimzntal point where =211 three are highest, but it fails
completely at all other points. At an experimental position where.
tha ion concantration nrohably haa darraasad onlv A few ver cent and
the tamperatura he3 decreased by about twenty per cent, the predicted
conductivity is many times larger than tha measured value, The di.-
crepancy beiween prediction and experiment is so great that one must
assume that some process becomes operative when the ionization falls
below 100% which feducea the conductivity far more than the removal
of a relatively small number of jons should indicate. This process
probably is ionizing collisions. The theory of conductivity of a
totally ionized gas at high temperatures ia derived from solutions of
Boltzmann's equation under the assumption that the only process chang-
ing the veslocity distribution function of the ions and electrons is

inverse equare law interactions in which no cinglc encounter makes s
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great change in the snergy of any particle. If an appreciable number
of neutral atoms are present and the temperaturs is high enough that
the rate of ionization by impact is high, many particles will lose most
of their energy in siigle impacts and marny mcre electrens will be re-
leased into the gas by ionizing events with energies far below those of
the neig@boring part}clea. As a consequence, a relatively emall numbar
of neutral atoms will produce a great effect on the conductivity. The
development of a theory for the conductivity of partially ionized
gases is greatly nseced. -
It is customary, in discussions of §t¢rk broadening by ion

iclds in an ionised gas, to ignore the electrons, excusing this pro-
cedure by the argument that elect.on velocities are so high that their
effact is that of a smear of negative charge, and consequently they
contribute nothing io the broadening., By eractly the same reasoning,
one must conclude that at a sufficiently high temperature, for example
at a temperature forty-five times as high as that at which the electron
effect becomss negligible, the ion fields become that of a smear of
poaitiva sharne 2o that the effective 4214 2t the ~adiating atom is
zoro. It follows, thersfore, that for cases of high temperature,
corrections shoulda be made to the Holtsmark distribution to take account
of the velocities of the ions, and that the effect of these corrections
should be to reduce the broadeniis observed for a given ion concentra-
tion as the temperature is increased. If such corrections -.re nct made
and ion concentration is sstimated from the half-widths or from the
contour of the hydrogen lines in any region except at the extreme outer

wings of the lines, at which pecint the temperature correction becomes
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small, the apparent ion concentration is iow,

Theoretical work on the correction of the Holtsuark theory
for velocity has been done by Krogdahl and by Spitzer., At the densities
and temperatures involved in this work, the results derived by Krogdahl
predict almos’ ne change from the static theory originally suggested
by Holtsmark, Experimenrtal evidence seems to indicate, however, that
the deviations are rather large. The work by Cpitge:r seems to predict
rather large deviations, and it is felt that probably his approach to
the problem is more promising when gases of relatively high densities
are considered, that is, particle densities of the order of 1017/00
or higher.

The deduction drawn from the present work that the ion con-
centration is & monotonically cdecreasing function from the discharge
region down the expansion tube conflicts with interpretations previously
given of three facts.

In the past work at the University of Oklalioma, a maximum in
the broadening of Balmer lines occurring some distance down the expan-
sicn tube has beofx interpreted to mean that ion concentration reached
s maximum at the same position, From what has been said above, it is
plausible that the dip in the broadening at the very head of the ex-
pansion region is caused by the extremely high temperatures (of the
order of 26,00C°K,) present there. The interpretation of ths broad-
ening was made on the basis of measurements of half intensity widths,
and Liéss aust be Guits sensitive to the peaking of tne line contour
produced by high temperature.

The second point of difficulty is the extremely careful work of




60
Olsen and Huxford, who found an apparent maximum in ths ion concentra-
tion delayed in time sfter the peak of the discharge current. This re-
sult seems to support the interpretation given of the maximum of line
broadening in space as being caused by & maximum of ion concentration,
The description given of the method used to determine ion concentra-
tions from the observed broadened lines suggests that their results
should be free from the fault criticised above, for they fitted their
experimental curves to the theoretical curves on the ski: x ¢ the
lines and did not compute a half width. Careful study of the sample
curve fittings vhich they offer reveai two interesting facts: (1) tho
best fit was made at a part of the profile where the slope is rather
large, that is, at appraximately the region of half intensity, whereas
the fit at the extreme outer wings is not so good as might be hoped,
and (2) the data are ieast precise at the place whers they are most
important, namely, on thess outer wings., These observations indicate
that their work, too, may have been interpreted incorrectly because
of the temperature of the gas. The conclusion of Olsen and Huxford
that the ion concentration reaches a maximum after the maximum dis-
charge current is substantiated in their published work by one
measured point in neon and two points in argon. Since these points
were taken while the gas was voery hot, and since the effect of this
temperature upon the broadening would bs to make the concentration
appear low, it 1= not unreasonables to suppose that deviations from
Holtemarkts theory account for the apparent increase in ion corncen-
tration in varly stages 2f the discharge.

The third point of conflict i® in the interpretation of the
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masimum of the intensity of continuous radiation observed in spuce by
Atkinson and in time by Olsen and Huxford, On the assumption that the
gas reaches a statc of almost 100% ionisation bafore entering the re-
glon at which it is obsorved or before the e.d of the discharge current
and that the temperature is so high that the degree of ionization falls
slowly for the first few microseconds because of the temperaturs depend-
ence of the recombination coefficient, a maximm in the intensity of
quantized radistion and in the intensity of radiation from recambinat fpn - t
continua can be explained, Jlsen and Huxford have sugzested that this ’
unquantised radiation may arise chiefly from Bremsstrahlung proc:aesa,
which should give an intensity proportional to the square of 'o ion
concentration. The tslisf that this oontinuous radiation is Lrimerily
& recombination continuum is suppertei, however, by the rmrkabk agree-
ment found by Jurgoml between temperature in a hydi-ogen arc calct;latod
by the application of Kramer's formla to the =sasurcd intensity of the
continuum and temperature calculated by sevaral other independsnt uethods.

One reason that Olsen and Huxford considered recombination an
unlikely cause of the recombination !s that they obtained a very mmall
value for the recombination coefficient, If their measurements of ion
concentrations need corrections for temperature, their determinations
of the recombination coefficient also need corrections. The effect of
the considsration of this factor is to incrsase somewhat ths values
given in their paper.

An even larger deviation fram the true recombination coefficient

1. Jurgens, Zeits. f. Prysik 134, 21 (1952).
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ziy have be- . intredunel ) hcwever, by the assumption that production of
jons is gero during the plamma decay period when the recombinstion coef--
ficient is measured. The recambinatior coefficient .ot , is defined by
ths equation
dN/dt = -o¢ N2,
in which N ie the electron density, assumed equal to the deneity of
positive jons. If, as a first approxitation, production proceeees are
neglected, the solution of this equation iv
1/N = 1/N +ee t,
if N, is the electron density at time t = O. If 1/N is denoted by X
and 1/¥, by X, this becomes
X= X Ft,
the equation of a straight. line with slope o« . Thie is the sequation
used by Olsen and Huxford to determine o¢ frum their messursments of ion
concentrations as a function of time,
If production processes are included, the major ores may be
included in an equation of this forms
dN/dt = -otN2+ A N(N, - N) + I NN, - N)+ & M(N, ~ N).
N, is the number of atoms originally present in tlic zas, so that
(Ng = N) is the number of neutral atoms at any instant. These terms
represent the following processee: ‘he first term is simply recombina-
tion. The second term represents ionization by impact of electrons on
nsutral atoms, and hence is proportional to the number of electrons
present and to the number of reutral atoms. ine third term describes
the process cf photo-‘onization. Since the production of radiation is

proportional to N2 if thoss atoms which are mercly excited withiout being
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iorized are ignored, and ths production of ions must be proporticnal to
the number of neutral atoms pregent, the turmn has the form indicated.
In a slightly jonized gas this coefficient wculd be small, but in a
highly ionized gas, the jonic fields lower the I-nizing potential suf-
ficiently that photons of sufficient energy to raise the atom tc a
highly excited state may ionize it, Because oi the intense hiph energy
radiation present in such discharges, this effect may be quite signifi-
cant. The last term describes the production of iona by photo-excita-
tion (proporticnal to’Nz(N. - N))followed by collision with an slectron.
The equation may be rewritten as
aN/dt = N(BNg) + N2(F Ny <a~B)+ N (S Ny ~7) - I Wb,
or
dN/dt = gN + hN2 + g8 - d N,
Iif all terms containing N3 and NA are neglected, the equation becomes
dN/dt = gl + hN2 |
whose solution is
1/g log N/(g +hN) at+C ,

or 4

(g + hN)/N = Cre 8t ,
If N, is the value of N at the time t = O, that is, the initial ioni-
sation, and if X and X, represent 1/N and 1/N, respectively,

gX+ h = (gX, & h)e-8t |
and if g ic quite small .nd only a mnall interval of time is considered,
this may be approximaisd ty

gX = gX, - g(gko+ hi)t

or

A . i 4,
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X =X, - (glo#h)t o
If g and h are replaced by tLreir values, this bLecomes
X=X, ~ (BNXF Ny -3t ,
and if the gas is assumed to be 100% ioniged initially, so that
Ng = Ny , this is
= < X=X 7t (xX=YN)t
This, too, is the equation of a straight line, having the same inter-
cept acﬁhho lina ohtain;d when production 1s ignored, but having a
svaller siope. As was pointed out above, under the conditions of -in-
tense discharges which prcduce almost 100% ionisation, the coefficient
¥ nay be rather large, and ignoring it will yield a value for ¢
much too small,

A procaee which may supplement recombination in the production
of a continuun is the formation of negative hydrogen fons, If the gus
is initially almost 100¢ ionised and remains in that condition for
severa) microseconds because the temperature is so pigh that the recom-~
binstion coefficient is amall, the recumbinaticn continua should show
a maximum at a time after the dischargs current has passed a maximum,
By the same argument, fonsation of negative hydrogen ions should be
proceeding mc3t rapidly at the time when recambination is most impor-
tant. Chandrasekharl has suggested that the nsgative hydrogen ion may
be responsible for much of the absorption shown by the sclar atmosphere,
and he indicatee that an atmosphiers containing many such ions should

ehow a continuous ansorption coefficient, with a maximum in the

~ -

)S. Chandrasekhar, Rev. Mod. Phys. 16, 301 (1944).
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vicinity of 8,000 to 12,C00 Angstroms. Possibly the presence of nega-
tive hydrogen ions contributes to t.is continuum which is spread across
the spectrum as far as investigations have been made in either direction,
but recoxhination, possibly anhanced by the jonic fields, probably con-
tributes most of the radiation obscrved associated with the line series.

One sther plece of evidence which supports the interpretation
givon.in this thesis of decreasing ion concentration as the cause of
increasing resistance of the plasma is the gradation of the lines of
ioniged oi;icon and oxygen observed in similar discharges ;t the Uni-
veraitly of Oklahoma. Silicon IV lines are most intense at the head of
the expension chamber, dis;ppearing five centimeters down the tube.
Silicon III is also graded, and it pcresists eight centimeters, Silicon
I1 is visible throughout the fourteen centimeter region studied yith &
maximum at six centimeters, and silicon I is obtserved in only th§ lower
nine centimeters of the region under inviltigation. These iacis are
explained nicely by the assumption that initially most of the silicon
atcms are ionised, ainglf, doubly, or triply; then, aa the gas coolz,;
triply ioniged systems disappear first, followed soon by those dovbly
ioniged., As the level of isnisaticn and the temperature fall, neutral
atoms become numerous enough to make their radiation visible., 1If,
initially, more ions are ionized doubly and triply than singly, the
maximum in silicon Il lines is explained.
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CHAPTER VIII -
SUMMARY

Recent lite: aturo pertaining to the conductivity of ionized
gases has been reviewed, particularly the work of Chapman and Cowling,
Landshoff, and of Cohen, Spitzer, and Routiy. These theories were
designed for astronomical application., No experimental work to test
them has appearec orior to the present report. The results of Chapman
and Cowling in the form Jiscussed by Cohen, Spitzer, and Routly have
been taken as most suitable for the »nalysis of our data, although none
of the theoriec applies to partially ionised gases, Conductivity in a
completely ionize. gas depende on ion concentration and ion temperature,

Because numerous workers have used Stark broadening to estimate
ion concentrations in highly ioniged gases, reference has been made to
ne.r 1iterature concerned with corrections to the Holtsmark thoory of
Stark bircadsning by randum fields, The maior contributions have been
mads by L. Spitzer and by M, K, Krogdahl., The effect of ion motion
upor. Stark broadening is shown by these workers to give low values of
apparent concentration at high ion temperatures when half widths are
used for estimation,

The research described in thie thesis has ussd a pseudo Hall
effect in which Aalections of ions in a gas (lowing between probes
throuzh a reagion free of electric fields ara produced ty the application
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of a magnetic field to measure the particle velocitiss of the gas ions
and to measurs the resistivity of the plasma at points along the expan-
sion path of a pulsed discharge. Particle velocities observed agrae
well with the flow velocity of the expanding gas determined from pic-
tures made with a rotating mirror,

The resistance of the plasma is shown to decresse monotonically
as the point of observation is moved from 1C.1 cm to 6.4 cm from the
discharge region. This is believed to be inconsisters, with the inter-
pretation made of Balmer line broadening on the basis of the Holtmmark
theory by Fowler, Atkinson, and Marks and by Olsen ani Huxford. Study-
ing a discharge similar to the one used in this work, Fowler, Atkinson,
and Marks found that the line brecadening indicated that the lon concen-
tration rises to a maximum within the range 18 to 6.4 cmes Olsen and
Huxford, making a time-resolved study of a confined discharge, found a
maximum of broadening of the Balmer lines in time which they interpreted
to mean that the ion concentration reaches a marimun at a time after the
diecharge current has fallen almost toc gerc,

All available theory is shown to be inadequate t¢ calculato the
ion concentration from the measured resistances. Calculations made
with mobility values given in the literature for hydrogen ions in
hydrogen indicate an ionisation far above 100% at all except the great...
resistance. The cross section for electron-proton multiple scattering
calculated by Goudsmit and Saunderson has been used in an elastic solid
spaere mobility equation for mobility, but the resulting expression is
independent of ion concentration and gives tlis wrong dependence on

temperature Lo explain the data.
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When the formula derired by Chapman and Cowling is used to
compute the particle density at the peint nearest the discharge region,
where the lowest resistancs is measured, an approximatsiy correct
value for coupletes ioniszation is obtained if a temperature of 10,000%.
is used. This tempsrature is the one estimated from spectral observa-
tions using the Fowler-Milne color-temperature theory. It may be
assumed, therefore, that at this one point the gas is nearly 100%
ionised and the theory gives the proper relation between the particle
density, temperature, and resistance. The theory fails completely at
all other points and resistances. It is suggested that the reason is
that as the ionisation drops below 100%, so much energy is lost by the
ions in ionizing impactis that the neutral gas has an effect on the re-
sistance far out of proportion to its relative abundance, Modification
of the theory of Chapman and Cowling to consider this effect is needed.
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